Abstract-Line-interactive uninterruptible power supply (UPS) systems are good candidates for providing energy storage within a microgrid to help improve its reliability, economy, and efficiency. In grid-connected mode, power can be imported from the grid by the UPS to charge its battery. Power can be also exported when required, e.g., when the tariffs are advantageous. In stand-alone mode, the UPS supplies local distributed loads in parallel with other sources. In this paper, a line-interactive UPS and its control system are presented and discussed. Power flow is controlled using the frequency and voltage drooping technique to ensure seamless transfer between grid-connected and stand-alone parallel modes of operation. The drooping coefficients are chosen to limit the energy imported by the UPS when reconnecting to the grid and to give good transient response. Experimental results of a microgrid consisting of two 60-kW line-interactive UPS systems are provided to validate the design.
or delta conversion line-interactive UPS [3] [4] [5] [6] at the expense of lower efficiency and extra size and cost due to the use of an extra inverter and a bulky transformer. However, this topology is still more efficient than that of classical online double conversion UPS because the complementary inverter has to supply only 10%-20% of the UPS nominal power [7] .
There are a number of publications on the control of lineinteractive UPS systems [8] [9] [10] [11] [12] [13] [14] [15] . Tirumala et al. [8] proposed a control algorithm for grid-interactive pulsewidth modulation (PWM) inverters to obtain a seamless transfer from gridconnected mode to stand-alone mode and vice versa. When it is connected to the grid, the inverter operates in current-controlled mode regulating the current injected into the point of common coupling (PCC). In stand-alone mode, however, the inverter operates in voltage-controlled mode regulating the output voltage across the load. Similar approaches were also reported in [9] and [10] . The main disadvantage of these systems is that, after the grid fails and before starting the transitional period (from current-controlled to voltage-controlled mode), the load voltage depends on the current demand and the load. This might result in a very high or very low voltage across the load during the transitional period. A notch filler that is used to mitigate these voltage transients was proposed in [11] . Kim et al. [12] proposed a controller for truly seamless transfer from gridconnected mode to stand-alone mode. The controller has an inner voltage control loop that regulates the output voltage. During grid connection, the power angle of the output voltage (i.e., the angle between the inverter voltage and the voltage at the PCC) is set by an outer control loop depending on the required injected grid current. When the grid fails, the power angle is saturated to a maximum predefined value. In the system reported in [13] , the power angle between the UPS voltage and the grid voltage is measured by a phase detector and adjusted to control the power. The line-interactive UPS system proposed in [14] has the voltage controller and the current controller working in parallel in order to achieve seamless transfer between the two modes. Although the controllers reported above enable seamless transfer of a single unit from grid-connected and stand-alone modes, the main disadvantage is that the UPS units are not capable of operating autonomously in parallel with other DG units, and thus, they cannot form a microgrid.
Chandorkar et al. [15] proposed a line-interactive UPS system based on P − ω and Q − V droop control where the inverter frequency and voltage amplitude are drooped linearly with the inverter output active and reactive power, respectively. UPS units can operate in parallel, and load sharing is achieved without the need for communication signals between the inverters. In [16] , a line-interactive UPS system that is capable of operating in a microgrid was proposed. The controller of the UPS inverter is based on two control loops, i.e., an inner voltage feedback loop that regulates the output voltage and an outer active and reactive power sharing loop that is implemented by drooping control. Both systems in [15] and [16] provide truly seamless transfer between grid-connected mode and standalone parallel mode and vice versa. However, the integration of the battery and its dc/dc converter into the system was not studied. In addition, the stability of the dc link voltage was not discussed. This becomes an important issue, taking into the account the requirement to transfer seamlessly from battery charging mode in grid-connected mode to battery discharging in stand-alone paralleling mode. This paper presents and discusses a line-interactive UPS system to be used within a microgrid, as illustrated in Fig. 1 . The system can transfer practically seamlessly between gridconnected and stand-alone modes sharing the load within a microgrid in parallel with other DG units. The control of the complete system, including the battery and its bidirectional dc/dc converter, is considered. The main novel contributions of this paper are: 1) analysis, design, and experimental implementation of a new control strategy of a line-interactive UPS system within a microgrid, which enables seamless transfer between grid-connected and stand-alone parallel modes of operation; and 2) the design of a dc link controller loop that sets the active power demand during battery charging mode, which allows for a smooth transition between battery charging and discharging modes.
II. SYSTEM OVERVIEW
The general overall structure of a microgrid (see Fig. 1 ) consists of DG units, UPS units, local loads, supervisory controller, and a static transfer switch (STS). The STS is used at the PCC to isolate the microgrid from the grid in case of grid faults and reconnect seamlessly to the grid when the faults are cleared. Local loads are connected on the microgrid side of the switch so that they are always supplied with electrical power regardless of the status of the switch. The controller of each DG system uses local measurements of voltage and current to control the output voltage and power flow. However, there is still a need for low-speed communication between the STS and the DG units to update them about the status of the switch, i.e., whether it is opened or closed. Furthermore, the supervisory controller measures the power at the PCC, receives information about the state of charge of the batteries from the UPS controllers, and sends active and reactive power commands P ref and Q ref to the other DG units based on tariffs, local load requirements, and efficiency of the units.
When the grid is connected, the UPS can export power to the grid or it can import power to charge its batteries. For example, the supervisory controller may charge the battery during the grid off-peak tariff and discharge it during peak tariff periods. When a grid fault occurs, the anti-islanding controllers embedded inside the controllers of the DG units push the voltage amplitude and/or frequency at the PCC toward their upper or lower limits. Once the amplitude or frequency upper or lower limits are reached, the controller of the STS decides that the grid is not healthy and opens the switch. It also sends a signal to the DG units to update them about the status of the switch. The DG units carry on supplying power in parallel according to their ratings, sharing the power demanded by the distributed local loads. After the grid fault is cleared, the STS reconnects the microgrid; it monitors the voltage signals on both sides and closes when these signals are in phase to ensure transient-free operation. The microgrid considered in this paper consists of two 60-kW line-interactive UPS systems each powered by a 30-Ah (550-700 V) lithium-ion battery. The circuit diagram of each UPS system is shown in Fig. 2 . The UPS system consists of a battery, a bidirectional dc/dc converter [17] , and a bidirectional three-phase dc/ac converter with an output LCL filter. The dc/ac converter parameters are given in Table I . When the power flows from the grid to the battery, the dc/dc converter operates in buck mode and the boost insulated-gate bipolar transistor (IGBT) is held open. When the power flows in the opposite direction, the buck IGBT is held open and the dc/dc converter operates in boost mode regulating the dc link voltage to a suitable level in order to inject power into the grid. the inner core controller is much faster than for the outer power flow loop, and hence, it will be assumed (from the point of view of the power flow controller) as an ideal voltage source with settable magnitude and frequency. Fig. 4 shows the controller of the bidirectional dc/dc converter. During battery charging mode, the buck IGBT is pulsewidth modulated and, depending on the battery voltage, the controller operates either in current mode or voltage mode regulating the battery current or voltage, respectively. When the battery discharges, the boost IGBT is modulated to regulate the dc link voltage. During battery charging, the dc link voltage is controlled by the three-phase dc/ac converter, which in this case operates as an active rectifier. When discharging, however, the dc link voltage is controlled by the dc/dc converter, operating in boost mode as aforementioned. To decouple these two controllers, which control a common dc link voltage, the voltage demand for the active rectifier V * dclink_2 is set to be higher (800 V) than the voltage demand of the boost V * dclink_1 (750 V). To understand how the controllers react during a sudden transition between operating modes, the following scenario is considered. Suppose that the UPS is in charging mode, the dc link in this case will be regulated by the dc/ac converter operating as an active rectifier and the dc/dc converter will be charging the battery in buck mode. At the moment when the grid fails and before the fault is detected by the STS, the power flow through the three-phase converter changes direction immediately and automatically as a consequence of losing stiffness at the PCC. Thus, the power starts to flow from the dc link capacitor to the ac load causing the dc link voltage to drop from the V * dclink_2 demand. Once the dc link drops below V * dclink_1 , the dc/dc controller recognizes the event and changes its mode from buck to boost immediately and starts regulating the dc link voltage. In this scheme, the smooth transition from grid-connected charging mode to stand-alone mode is possible without relying on external communication. When the grid fault is cleared, the STS closes and sends an update signal to the UPS units. If the power demand received from the supervisory controller during grid-connected mode is positive, i.e., P ref > 0, the power flow controller sets the drooping controller demand to P ref such that P * = P ref , as shown in Fig. 3 . However, if the power demand from the supervisory controller is negative, i.e., P ref < 0, the dc link voltage controller, within the power flow controller, starts to raise the dc link voltage to V * dclink_2 . The output of the dc link voltage controller will be a negative active power demand to the power flow controller. The dc/dc converter will stop operating in boost mode because the dc link voltage (regulated to V * dclink_2 ) is higher than its demand V * dclink_1 . It will then start to operate in buck mode either in current mode or in voltage mode depending on battery voltage V B . If it operates in current mode, the battery current demand is set to P * Batt /V B , where P * Batt is the battery charging power demand and is equal to P * Batt = Ramp(|P ref |) (the absolute value is used because the P ref in this case is negative). The rate of change of the ramp function needs to be slow enough so it does not disturb the dc link voltage controller. For instance, if P * Batt is suddenly changed, the dc/dc converter will draw a large amount of power from the dc link capacitor, which may result in a drastic drop in the dc link voltage before the dc link voltage controller reacts to this drop. To avoid any unnecessary transient, any changes required to P * and Q * values in the power flow controller should also happen gradually via ramp functions.
III. POWER FLOW CONTROLLER

A. Small-Signal Analysis
The proposed drooping control is given by
where ω * o , V * o , k ω , and k a are the nominal frequency reference, nominal voltage reference, proportional frequency drooping coefficient, and proportional voltage drooping coefficient, respectively. The integral frequency and voltage drooping coefficients k ω_I and k α_I are set to zero during the island mode, but they are activated during the grid-connected mode to make sure that the power output follows the demand precisely, particularly when the grid voltage and frequency deviate from their nominal values. The values P * and Q * are set to the demanded power in grid-connected mode. In stand-alone mode, however, they are set to nominal active and reactive power values P n and Q n to improve frequency and voltage regulation. Because this is a bidirectional UPS system, P n and Q n are set to zero.
The inverter can be modeled by a two-terminal Thevenin equivalent circuit, as shown in Fig. 5(a) . G(s) and Z o (s) represent the closed-loop and output impedance transfer functions, respectively [18] . Fig. 5(b) shows an equivalent circuit diagram of the grid-connected UPS unit. Z o (s) has been replaced by sL o because the output impedance is predominantly inductive around the fundamental frequency [18] [19] [20] . Inductance L o can be determined by the slope of Z o (s) around the fundamental frequency, and it was measured to be 996 μH. The active and reactive power flow between the UPS unit and the grid can be shown to be given by
Small changes in active and reactive power are given bỹ
where δ eq and V eq are the equilibrium points around which the small-signal analysis is performed. If the equilibrium points are chosen, such as δ eq = 0 and V eq = V o , (5) and (6) becomẽ
By perturbing (1) and (2), we get is normally caused by measurement error, and it is represented as a disturbance in the block diagram. The transfer function F (s) is the power measurement transfer function that relates the measured power to the actual instantaneous power. Average power can be calculated by integrating the instantaneous power over one fundamental cycle T , i.e.,
The time delay in (11) can by replaced by a second-order Padé approximation such as
Substituting (12) in (11) gives
Equation (13) represents a second-order low-pass filter with a cutoff frequency of about 140 rad/s.
B. Drooping Coefficients Selection
The selection of k ω , k a , k ω_I , and k a_I will be discussed in this section. The coefficient k ω is determined such that it gives good dynamic response and at the same time limits the amount of energy that can be transferred from the ac bus to the UPS unit during a grid connection transient. If the angle of the UPS output voltage lags the ac bus voltage by δ o when it first connects to the ac bus, active power will flow from the ac bus to the UPS and the energy transferred will cause the dc link voltage to rise. If the dc link voltage is higher than the maximum limit V dc_ max , the protection system will trip. Therefore, the objective is to select k ω such that the maximum transient energy absorbed by the converter (caused by the presence of an initial power angle δ o ) does not cause the dc link voltage to rise above the trip limit. If the demand powerP * is set to zero in Fig. 6(a) and by ignoring the disturbance caused by the frequency deviation, the block diagram that relates the output energy (integral of power) to the disturbance δ o is shown in Fig. 7 . Table II shows the damping ratio and the overshoot in the output energy for different values of k ω . Increasing k ω not only reduces the overshoot in the output energy but also reduces the damping ratio, which means that a compromise has to be made. The maximum transient energy that the converter can absorb is given by
where V dclink_o is the initial dc link voltage before the transient, V dclink_ max is the maximum allowed dc link voltage, and C dc Table I and knowing that when the inverter first connects to the ac bus, the initial dc link voltage is V dclink_o = 750 V, the maximum energy according to (14) is therefore E max = 438 J. In order to prevent the dc link voltage from rising to the maximum limit of 1000 V, the overshoot transient energy should be less than E max . The initial angle δ o depends on the measurement error in the synchronization method (phase-locked loop or zero-crossing detection). The synchronization in this design is performed by detecting the zero crossing of the ac bus voltage. The error in this case is limited to one sampling period T s of the ac bus voltage, which is for the sampling frequency of 16 kHz is equal to 0.02 rad. The drooping coefficient is set to k ω = 1.5 × 10 −4 . According to Table II, the maximum energy overshoot is 8200 × 0.02 = 164 J, which is less than E max calculated above. The damping ratio for the active power controller is 0.44. The voltage amplitude drooping coefficient k a is set to k a = 3 × 10 −4 , which gives a good system damping ratio of 0.6.
The integral drooping coefficients need to be selected to minimize the effect of any variation in grid frequency and voltage on the output active and reactive power. Because the intention is to minimize the power error resulting from the continuous dynamic deviations in grid frequency and voltage (not only against static deviations), in the analysis these deviations will be modeled as ramp functions as follows:
where D ω is the rate of change of the frequency deviation in radians per square second, and D a is the rate of change of the Fig. 6(a) , P E , which represents the error signal of the active power, is given by
By substituting (15) in (17), the steady-state error in active power P E_ss can be estimated using the final-value theorem
Similarly, from Fig. 6(b) and (16), the steady-state error in reactive power Q E_ss can be shown to be given by
The coefficients k ω_I and k a_I are set to 5 × 10 −5 and 1 × 10 −4 , respectively. It has been found that at the test site, the grid can drift by up to 0.05 Hz and 4 V in 5 min. This corresponds to D ω = 0.001 rad/s 2 and D a = 0.013 V/s. Therefore, according to (18) and (19), the steady-state errors in active and reactive power caused by continuous dynamic deviation of the grid frequency and voltage are only P E_ss = ±20 W and Q E_ss = ±130 VAR, respectively.
To validate the small-signal model, a detailed model of a three-phase half-bridge PWM inverter with an LCL filter as per Tables I and III was built in MATLAB/Simulink. When the inverter connects to the grid, the grid voltage signals were leading the inverter voltage signals (measured at the filter capacitors) by 0.039 rad. The power demands were set to zero. Fig. 8 shows the response of the inverter transient absorbed energy compared with that of the small-signal model produced using Fig. 7 . It is shown that the small-signal model provides a reasonable prediction of the response of the system in terms of overshoot and frequency of oscillations given the assumptions made to derive the small-signal model, such as assuming the inverter as an ideal voltage source. 
IV. DC LINK VOLTAGE CONTROLLER
The dc link voltage controller regulates the dc link voltage during the battery charging mode. A PI controller is chosen, and the overall block diagram of the dc link voltage controller, including the small-signal model of the inner loop power flow controller (ignoring the frequency and angle disturbances), is shown in Fig. 9 . The power drawn by the dc/dc converter is represented byP Batt . As shown, the model is nonlinear due to the presence of the square root function. In order to be able to use linear control design techniques, the square root relation is
x, a small change in y is given bỹ
wherex is a small change in x, and x o is the point around which the linearization is performed. Given that the dc link voltage range of interest is from 750 to 800 V, the linearization point is chosen to be x o = 775 2 ; hencẽ
The open-loop transfer function that relatesṼ dclink toP * (assumingP Batt = 0) is therefore given by
where
The design of the dc link voltage controller now becomes straightforward. The PI gains are chosen so that the dynamic response of the dc link controller is much slower than that of the inner power flow controller in order to decouple the two controllers. The proportional and integral gains k dc_P and k dc_I are chosen to be 40 and 2000, respectively. Fig. 10 shows the closed-loop poles of the complete system. The high-frequency poles are the ones caused by the power flow loop, whereas the dominant lower frequency poles are caused by dc link voltage loop. The dynamics of the dominant closed-loop poles are well decoupled from the dynamics of the power flow closedloop poles. The simulated response of the controller when the voltage is stepped up from the boost regulated value of 750 V to the active rectifier demand value of 800 V is shown in Fig. 11 . The rise and settling times are 0.05 and 0.3 s, respectively.
The block diagram in Fig. 9 can be used to determine the ramp rate of the power demand sent to the dc/dc converter (during battery charging mode) to produce P * Batt (see Fig. 4 ). The ramp rate should be slow enough so it does not cause any major disturbance on the dc link voltage. For example, if sudden power is drawn from the dc link capacitor by the dc/dc converter, the capacitor voltage might significantly drop before the dc link voltage controller reacts to the disturbance. The power drawn by the dc/dc converter is modeled as a ramp functionP
where D p is the rate of change in watts per second. From Fig. 9 and by using the final-value theorem, the steady-state error in V dclink as a result of the dynamic change in P * Batt can be shown to be given by
The ramp rate D P is set to 1 kW/s. Therefore, the steady-state error caused by ramping the dc/dc power demand up or down is only V dc_Ess = ±2 V.
V. EXPERIMENTAL RESULTS
A complete microgrid system was built and tested experimentally. The experimental setup is illustrated in Fig. 12 . It includes two 60-kW line-interactive UPS systems and an STS with a supervisory controller. In addition, a 60-kW resistive load is used as a local load. The controller parameters of the converter are shown in Table III . The controllers were implemented using the Texas Instrument TMS320F2812 fixedpoint DSP. The low communication link between the STS and the UPS units was realized using the Controller Area Network (CAN) protocol. The power demand references were set by the supervisory controller of the STS and sent via the CAN bus. In addition, for the purpose of testing different scenarios, the power demand could be set by the user via the CAN-busconnected computer. An update signal of the status of the STS is also sent to the UPS units via the CAN bus. Fig. 13(a) shows the grid-connected-to-stand-alone mode transition of one UPS unit. The UPS unit was operating in gridconnected mode charging the battery at 1-kW rate (note that the current is 180
• out of phase with respect to the voltage, which means that the UPS is importing power from the grid). When the grid fails, the UPS moves seamlessly to stand-alone mode and starts supplying the local load. It can be also observed from the figure that, at the moment when the grid fails, the dc link voltage starts to drop from the active rectifier reference (V * dclink_2 = 800 V) due to the change of power flow direction. However, when the dc link drops below the boost reference (V dclink_1 = 750 V), the boost starts to regulate the dc link voltage and it raises it to 750 V. Fig. 13(b) shows the gridconnected-to-stand-alone mode transition of the two UPS units. Each unit was producing 0 kW as both batteries were fully charged. At the moment when the grid fault occurs, the two units move seamlessly to stand-alone parallel mode sharing the 60-kW local load equally. The critical load does not see any power interruption, as can be seen from the load current signal. The two UPS units behave exactly the same, as can be seen from their current signals, which are placed on top of each other. In Fig. 13(c) , the two UPS units were operating in grid-connected mode charging their batteries at a 10-kW rate. When the grid fails, the two inverters move almost seamlessly from grid-connected mode to stand-alone paralleling mode and start sharing the critical load equally. The UPS charging current looks quite distorted, and this is because each unit generates only 17% of its rated power. According to the IEEE Standard 1547 [21] , the total harmonic distortion limit is defined based on the unit's maximum current, and the distortion at low power is therefore acceptable. Fig. 13(d) shows the transition response from stand-alone to grid-connected mode. During stand-alone mode, the microgrid was formed by one UPS unit supplying a 60-kW resistive load. When the grid becomes available, the STS closes and reconnects the microgrid seamlessly to the grid. Only small fluctuations appear on the dc link, which settles within two fundamental cycles. The load current sees a small increase due to the fact that the grid voltage is slightly higher than the stand-alone UPS voltage because of the inherit characteristic of the voltage droop control. The UPS current starts to decrease and will eventually become equivalent to the power command in grid-connected mode. Fig. 13(e) shows the transient response when the active power demand P ref changes from −10 to 60 kW by the user interface. The controller ramps up the power demand gradually (to avoid any unnecessary transient as discussed earlier), and thus, the current changes amplitude and phase gradually. The dc link voltage drops from 800 V (controlled by the ac/dc active rectifier) to 750 V (controlled by the dc/dc converter). Fig. 13(f) shows the dc link voltage controller transient response during transition from battery discharging mode (the dc link voltage is controlled by the dc/dc converter) to battery charging mode (the dc link voltage is controlled by the ac/dc converter). The dc link shows good transient response similar to the simulated response shown in Fig. 11 . Fig. 14 shows the starting sequence of one UPS unit in gridconnected mode. Initially, the inverter voltage is controlled to have the same magnitude and frequency as the grid voltage, and it is also synchronized so that the power angle is minimized to be virtually zero. When the STS controller is satisfied that the two voltage signals across its terminals are healthy and in phase, it closes the STS so the microgrid is connected to the main grid. 
VI. CONCLUSION
A line-interactive UPS system to be used in microgrids has been presented. The control strategy that is based on a voltage and frequency drooping technique was experimentally demonstrated to be capable of achieving seamless transfer between grid-connected and stand-alone parallel modes of operation. A dc link voltage controller that sets the active power demand during battery charging mode was demonstrated to be effective in facilitating smooth transition between battery charging and discharging modes.
